This work presents an investigation of solvent extraction parameters in order to obtain high purity cerium from a mixture containing other rare earths elements, as an alternative to oxidation and selective precipitation or dissolution. The study was carried out using a sample of sulfuric liquor obtained from the leaching of monazite rich in light rare earth elements (La, Ce, Pr, Nd) provided by INB (Indústrias Nucleares do Brasil S.A.). Experiments were carried out in chloridric, nitric and sulfuric media. The nitric and hydrochloric solutions were prepared by precipitation of the REE from the sulfuric liquor as rare earths oxalate, calcining the precipitate and dissolving it with nitric or hydrochloric acid. The separation of cerium was investigated in its trivalent and tetravalent forms. The parameters investigated were: type and concentration of extractant, type and amount of the oxidizing agent, liquor acidity, and volumetric ratio between organic and aqueous phases. The preference of the organic phase to extract cerium in its oxidized form (IV) over the other rare earths elements was confirmed, allowing the obtainment of a high purity cerium solution. The best results were achieved in nitric medium, with cerium in its tetravalent form, using cationic extractants (P507 or D2EHPA) and a mixture of potassium persulfate and silver chloride as oxidizing agents, yielding over 99% of cerium extraction with over 99% of purity.
Introduction
Cerium is part of the group of rare earth elements (REE), which includes the 15 members of the lanthanides group (lanthanum, praseodymium cerium, neodymium, promethium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium and lutetium) and yttrium and scandium. These elements are extremely important for cutting-edge technology industry, present in various products such as motor vehicles, catalysts for petroleum refining and emission treatment, permanent magnets, automotive rechargeable batteries, electronic components and components for wind turbines for generating electricity [1] [2] .
The rare earth elements have very similar physical and chemical properties and therefore occur together in different proportions in their mineral sources. Obtaining the individual rare earth elements in industrial scale is very complex and only dominated by a few countries. To obtain the individual REE in high purity, first the liquor obtained from the ore chemical opening step must go through purification. This is usually performed by precipitation of REE as double sulfate of rare earths and sodium (NaRE(SO 4 ) 2 ), or oxalate of rare earths (RE 2 (C 2 O 4 ) 3 ), being the precipitation of the double sulfate the most economical route [3] - [5] .
Cerium is the only element in the RE series, which can be stable in oxidized form. The difference in solubility between hydroxides of Ce(IV) and the other trivalent rare earth elements is sufficiently high to obtain a good separation of the first as a hydroxide [6] . Generally, the separation of cerium is accomplished by the oxidation of Ce(III) to Ce(IV) following by the selective dissolution of the trivalent REEs. By this technique, the other REEs are usually contaminated with cerium or cerium is contaminated with other rare earth elements, depending of the desired purity of the product, therefore justifying the study of its separation by the solvent extraction technique [3] .
After cerium removal, the other elements are usually separated by solvent extraction, initially separating them in groups: light (La, Pr, Nd), medium (Sm, Eu, Gd) and heavy (Tb, Dy, Ho, Er, Tm, Lu, Y Sc) [7] .
Alternatively to this method, studies have been made in order to extract cerium(IV) selectively using liquid-liquid extraction. Zhang et al. investigated the formation of complexes of cerium(IV) fluoride in solution favouring the selective extraction of this metal in relation to other rare earth elements in a sulfuric acid medium and employing extractants such as P507, Cyanex®923 and Alamine®336 [8] . Zhao utilized a solution of ammonium persulfate and silver nitrate in cerium oxidation in nitric medium [9] .
El-Nadi et al. used sodium bromate solution in nitric acid medium, to maintain the cerium in its tetravalent form [10] . The usual REE separation route yields a product of cerium contaminated with the the other trivalent rare earth elements [3] . This work proposes the selective separation of the cerium in its oxidized form by the liquid-liquid extraction technique, in order to obtain a cerium product of high purity and high recovery, yielding a solution of the other rare earth elements free of cerium in order to recover the other individual elements.
Experimental

Reagents and Solutions
The rare earth sample solution was provided by INB (Industrias Nucleares do Brasil). It's a sulfuric liquor, rich in light rare earth elements (lanthanum, cerium, praseodymium, neodymium), coming from the monaziteacid leaching, after previous removal of thorium and uranium according to a previous study [11] . For the experiments in nitric and hydrochloric media, the rare earth elements from the liquor were precipitated in rare earths oxalate form, calcined, forming rare earth oxides, and then dissolved in the respective acid. The REE concentrations of the liquors are shown in Table 1 .
The organic solutions were prepared from the commercial concentrated extractants diluted in EXXSOL ® D100 (Exxon Chemicals Ltda.). The extractants used were: tri-n- 
Experiments
The effects of the main process parameters, such as extraction medium, extractant type and concentration, aqueous phase acidity, volumetric ratio between the phases, and cerium oxidation state were investigated. The experiments were carried out in mechanically agitated beakers containing the aqueous and organic phases, at room temperature (25˚C ± 1˚C) and volumetric ratio between the organic and aqueous phases of 1. After the contact, the phases were separated by using a separation funnel. All the experiments were carried out in a fixed time of 5 min, based on the results of preliminary experiments, indicating that 3 min were sufficient to achieve equilibrium [12] .
Results and Discussion
The extraction experiments were performed in two steps, in the presence and absence of oxidizing agents in order to verify the preferential extraction of cerium in its oxidized form. In each step cationic (P507 and D2EHPA), anionic (Primene JMT®, Alamine®336 and Aliquat®336) and solvating (TBP and Cyanex ® 923) extractants were investigated. For the first part, the three liquors were studied and then the sample in which the best results were achieved was carried on to the second part. The concentration used for the cationic and solvating extractants was 1.0 mol•L −1 , and for the anionic extractants, 0.5 mol•L −1
. After the extraction, stripping experiments were studied, using an organic solution from the extraction step and an aqueous stripping solution. 
Extraction without Oxidizing Agents
The experiments in sulfuric liquor were conducted at the sample's original acidity (1.2 mol•L −1 H + -pH < 0) using anionic (basic), cationic (acid) and neutral (solvating) extractants. In the conditions investigated, no REE extraction was observed for none of the extractants, maybe due to the high acidity of the liquor. For the basic extractants, which extracts anionic species, it is probable that, in this condition, there was not anionic species formation, whereas for the cationic extractant, the extraction is not favoured due to the acidity of the liquor H adjustment was unfeasible due to formation of a precipitate of rare earth double sulfates with sodium or ammonium, depending on the base used (NaOH, NH 4 OH or Na 2 CO 3 ).
The experiments carried out in hydrochloric medium were conducted at pH 1.0 using neutral and cationic extractants. The solvating (neutral) extractants yielded no significant rare earth elements extraction (less than 3% for all elements). For cationic extractants the pH of the solution was varied from 0.5 to 2.0 and the equilibrium pH was maintained by addition of sodium hydroxide during the experiments. The results of the experiments using cationic extractants are shown in Table 2 . A difference in behavior between the extractants is observed. Although both have shown preference for extracting the heavier rare earth elements first, P507 has a tendency to extract them with greater selectivity than D2EHPA, as seen by the higher separation factors for the same pH. When using D2EHPA at pH 2.0 the extractant starts to form an emulsion after the contact, hindering the separation of the phases. For both systems, the extraction of rare earth elements increases with the increase of pH in the studied range, also shown in Table 2 , being D2EHPA a stronger extractant than P507.
At last, experiments were made using the nitric liquor, at pH 1.0 and also adjusted with sodium hydroxide during the experiments to maintain the aqueous phase initial acidity. Tests using anionic extractants and TBP indicated no significant extraction of rare earth elements, with recoveries lower than 5% for all light REE. The results for the other extractants are shown in Table 3 below.
In the experimental conditions investigated, Cyanex ® 923 demonstrated a strong potential for extraction of REE in nitric medium, but it has no selectivity, extracting nearly all of the elements present in the solution. Both P507 and D2EHPA showed selectivity in the extraction of cerium, extracting it preferentially to other elements, being the selectivity of the first higher. This preference can be explained by the presence of tetravalent cerium ions in solution which are extracted before the other trivalent elements.
Although the experiments do not use oxidizing agents, the nitric medium itself is oxidizing, with potential to maintain the cerium oxidized during calcination of the rare earth oxalate in the tetravalent state. Under the conditions of the experiments, P507
showed better separation of cerium than D2EHPA.
After the preliminary experiments, the influence of the pH of the feed solution on the REE extraction was investigated. The results are shown in Table 4 .
In all experiments there was a preferential extraction of cerium relative to the other REE. For the experimental conditions, when P507was used as extractant, pH 1.0 was the best condition for selectively extracting cerium, despite having a lower extraction yield than at pH 2.0, because lanthanum extraction increased more than cerium extraction at lower pH. In experiments using D2EHPA, pH 0.5 was the best acidity for the separation of cerium in the range studied, however its efficiency was much lower than that obtained for the P507. No selective extraction was observed for Nd and Pr in the conditions investigated (Table 4) .
Extraction in the Presence of Oxidizing Agents
It is well known that in acidic medium the oxidation of cerium (III) to cerium (IV) requires the use of strong oxidants [3] . In the present study, the influence of ammonium The use of these oxidants in the sulfuric medium was unfeasible due to the precipitation of the rare earth elements as double sulfates in the aqueous phase. In order to mi- (Table 5 ). As shown in Table 5 , no selectivity in the extraction of cerium was observed. It will be concluded that Ce (III) was not oxidized, or, if oxidized, it was reduced by the extractant. The increase in the REE extraction when oxidants were used is due to the dilution of the aqueous phase by the addition of the oxidants in solution form, as well as a slight decrease in the acidity after the addition of the oxidants.
In the evaluation of oxidants for the extraction of cerium (IV) in nitric medium, the extractants used were D2EHPA, P507 and Cyanex ® 923, which were the extractants that Table 6 .
It was observed that in all experiments cerium was extracted preferentially, including the experiment without the addition of any oxidant. This can be explained by the fact that nitric medium is oxidant, and may retain some of cerium which has been oxidized in the calcination stage of sample preparation in a +4 valence. It was also concluded that potassium persulfate and silver nitrate alone in solution do not provide an increase in the recovery of cerium, vs. the base case (no oxidant), but together provide a greater extraction of cerium, with a very low co-extraction of other REE.
Then extraction experiments were carried out using the raffinate (aqueous solution)
of the previous experiments using the same conditions in a second contact, simulating a two-stage extraction. Exceptionally in the experiment with the mixture of oxidants, no more oxidant was added in this step, since the electromotive force was still high after the test. The results are also shown on Table 6 .
Experiments with single oxidants continued to behave like the test without oxidant, while when using the mixture of oxidizing agents, it was possible to obtain a full recovery of the cerium dissolved in 2 stages of extraction, with the extraction of the other rare earth elements lower than 1%, without the addition of the mixture in the second contact.
Experiments using a mixture of Na 
Stripping
In this step of the study, extraction experiments were carried out under the optimized conditions reached in the first step of this study using P507, obtaining an organic loaded solution that was then put in contact with stripping solutions of different compositions. Table 7 shows the rare earth elements content in the organic feed solution used in the stripping study.
In a first approach, the stripping solutions investigated were nitric and hydrochloric solutions, varying the concentration of the acid from 3.0 to 6.0 mol•L −1 . For all of the stripping solution acidities, the stripping of the cerium was no higher than 3%. This can be explained by the high affinity of cerium (IV) with cationic extractants, which confirms its selectivity in the extraction step.
Considering the difficulty in stripping Ce in the tetravalent state from a loaded P507, experiments were carried out by adding a reducing agent to the stripping solution to convert the cerium to its trivalent state and facilitate stripping. The reducing agent used was 10% hydrogen peroxide (H 2 O 2 ) [14] , and the stripping solutions studied were nitric, sulfuric and hydrochloric acid solutions, all of them at a concentration of 1.0
. The results of these experiments are shown in Table 8 .
One can see that when the stripping experiments were carried out with the mixture of the acid and H 2 O 2 less acidity of the stripping agent was required. While stripping solution acidity of 6.0 mol•L −1 did not show efficiency in stripping Ce (IV), when a reducing agent was used in the stripping solution, more than 99% of cerium was stripped in solution acidity of 1.0 mol•L −1 (Table 8 ).
Conclusion
The experiments without the oxidation of cerium (III) to cerium (IV) indicated the difficulty in its separation from the other trivalent REE. However, it was demonstrated that it is possible to obtain a high-grade, high-yield cerium product by the solvent extraction technique. Cerium was preferentially extracted rather than the other rare earths elements when oxidizes using a mixture of potassium persulfate and silver nitrate in nitric medium and P507 as extractant, achieving over 99.9% recovery with 99.9% purity. Stripping experiments using the loaded organic from the extraction reached over 99% recovery of cerium when using hydrogen peroxide as reducing agent, with stripping solutions of nitric, hydrochloric or sulfuric acids. 
